Protein turnover is a key post-translational event that regulates numerous cellular processes. It enables cells to respond rapidly to intracellular signals and changing environmental conditions by adjusting the levels of pivotal proteins. A major proteolytic pathway involves the ubiquitination of target proteins and subsequent targeting to the 26S proteasome for degradation. Many F-box proteins play a determining role in the substrate specificity of this degradation pathway. In most cases, selective recognition of the target proteins relies on protein-protein interactions mediated by the C-terminal domain of the F-box proteins. In mammals, the occurrence of F-box proteins with a C-terminal SBD (sugar-binding domain) that specifically interacts with high-mannose N-glycans on target glycoproteins has been documented. The identification and characterization of these sugar-binding F-box proteins demonstrated that F-box proteins do not exclusively use protein-protein interactions but also protein-carbohydrate interactions in the Ub (ubiquitin)/proteasome pathway. Recently, putative sugar-binding F-box proteins have been identified in plants. Genome analyses in Arabidopsis and rice revealed the presence of F-box proteins with a C-terminal lectin-related domain homologous with Nictaba, a jasmonate-inducible lectin from tobacco that was shown to interact with the core structure of high-mannose and complex N-glycans. Owing to the high similarity in structure and specificity between Nictaba and the SBD of the mammalian Fbs proteins, a similar role for the plant F-box proteins with a Nictaba domain in nucleocytoplasmic protein degradation in plant cells is suggested.
Introduction
A major proteolytic route in eukaryotes involves Ub (ubiquitin), a highly conserved protein of 76 amino acid residues that is 'ubiquitously' expressed in eukaryotes, and the 26S proteasome, a 2 MDa multicatalytic protease complex [1, 2] . In this UPS (Ub/26S proteasome system), target proteins are tagged by covalent ligation to several Ub molecules and subsequently recognized and degraded by the 26S proteasome. Substrate proteins can occur in the cytoplasm, in the nucleus or on the membranes facing the nucleocytosolic compartments, or can be derived from the ER (endoplasmic reticulum) after retro-translocation into the cytoplasm. The significance of UPS is highly reflected in the abundance of UPS-related genes that are present in eukaryotic genomes. For example, in Arabidopsis thaliana, over 6% of the predicted genome encodes proteins involved in UPS [3] [4] [5] .
The Ub/proteasome pathway and SCF [Skp1 (S-phase kinase-associated protein 1)/cullin/F-box] complexes
Ub conjugation occurs through sequential action of Ubactivating (E1), -conjugating (E2) and -ligating (E3) enzymes ( Figure 1A ). In the A. thaliana genome, there are only two E1 enzymes, at least 45 E2 or E2-like enzymes and almost 1200 E3 components [6] . The substrate specificity of ubiquitination is determined by E3 ligases, which bind both the target substrate and the Ub-E2 complex to complete the transfer of Ub to the substrate [7] . According to their subunit organization and/or mechanism of Ub transfer, different types of E3 ligases have been described in animals, yeasts and plants [2, 3, [8] [9] [10] . The best-characterized E3 ligases are SCF complexes, which are named after three out of four major constituents, namely Skp1, Cullin-1/CDC53 and an F-box protein. The fourth component is the Roc1/Rbx1/Hrt1 RING (really interesting new gene) finger protein [11, 12] . In most SCF complexes, the scaffold protein Cullin-1 acts as a structural module that ensures optimal presentation of the substrate to the Ub-conjugated E2 enzyme, since it brings the catalytic module 'Rbx1/Ub-E2' in close proximity of the target specificity module 'Skp1/F-box protein/target protein' ( Figure 1B) . The F-box protein directs target proteins to the complex but has no intrinsic catalytic activity. Yet, the Figure 1 The ubiquitin/proteasome pathway (A) Schematic overview of ubiquitination and proteolysis. In a first step, the Ub-activating enzyme E1 binds Ub in an ATP-dependent manner. Subsequently, Ub is transferred to the Ub-conjugating enzyme E2 that ultimately attaches Ub to a target protein, which is bound by a Ub (E3) ligase. The Ub-conjugated substrate is then recognized and degraded by the 26S proteasome. (B) Structure of a Cullin-based E3 Ub ligase: the SCF complex.
F-box protein determines the substrate specificity of the SCF complex. When a substrate is bound, a Ub-E2 enzyme associates with the SCF complex via Rbx1 and ultimately mediates the transfer of (several) Ub(s) to the target protein.
F-box proteins
The F-box protein family is the largest protein superfamily known, the total number of members ranging from approx. 20 in yeasts to several hundreds in higher eukaryotes. F-box proteins exhibit a typical bipartite structure [8] . The N-terminal conserved F-box domain of 40 amino acid residues is required for direct interaction with Skp1 in the SCF complex [13] . With its C-terminal domain, the F-box protein recruits the target protein into the SCF complex, mostly by protein-protein interactions. Over the past few years, numerous F-box proteins have been identified as SCF components. Depending on the substrate-specific motifs at the C-terminus, F-box proteins are classified into three groups. The Fbw (or FBXW) and the Fbl (or FBXL) families comprise F-box proteins with C-terminal WD (Trp-Asp)-40 and LRR (leucine-rich repeat) domains respectively, which are believed to recognize the phosphorylation status of the substrate protein [14] . A third class (Fbx or FBXO) groups all F-box proteins with other C-terminal domains such as Kelch domains, Armadillo and tetratricopeptide repeats, zinc fingers and proline-rich domains [9, 15] . Recently, a small subfamily of the Fbx family that comprises F-box proteins with a C-terminal SBD (sugarbinding domain) was identified in mammals. Biochemical and structural analyses demonstrated that these sugar-binding F-box proteins (or Fbs proteins) specifically interact with N-linked glycans (mostly with Man 3−9 GlcNAc 2 structures) present on target glycoproteins and are assumed to play a key role in glycoprotein homoeostasis [16] [17] [18] .
Mammalian E3 Ub ligases that recognize sugar chains
To date, the documented Fbs family comprises five structurally related (vertebrate) proteins (FBXO2, FBXO6, FBXO17, FBXO27 and FBXO44) [18] . All five proteins can co-precipitate with components of the SCF complex, and have been proposed to target misfolded glycoproteins for degradation by the Ub/proteasome system [16] [17] [18] . N-linked glycosylation takes place in the ER [19] . The attachment of Nglycans to nascent proteins in the ER lumen facilitates proper protein folding, yet the retention of high-mannose N-glycans on misfolded or unassembled glycoproteins serves as a marker for Ub-related degradation. This ERAD (ER-associated degradation) pathway involves a retrograde transfer of the glycoproteins from the ER into the cytosol for degradation by the UPS [20] . Both the mammalian FBXO2 and FBXO6 (also called Fbs1 and Fbs2 respectively) are cytosolic proteins that preferentially bind to free N-glycans with a high-mannose oligosaccharide (Man 3−9 ) attached to a core chitobiose (GlcNAc 2 ) and to high-mannose, N-linked glycoproteins [21, 22] . Fbs1 and Fbs2 do not bind to Man 3 , Man 4 or Man 5 structures lacking GlcNAc 2 , demonstrating the importance of the chitobiose core. In general, the core GlcNAc 2 of N-glycans present on correctly folded (native) proteins is not accessible to lectins (a group of sugar-binding proteins), since most lectins bind to the non-reducing terminal sugar groups of carbohydrates. However, in unfolded (denatured) N-linked glycoproteins, the chitobiose core of the glycan is more accessible for the SBD of Fbs1 and Fbs2. Yoshida et al. [16, 17, 23] confirmed that SCF complexes with either Fbs1 or Fbs2 recognize denatured ERAD substrates in the cytosol and act as E3 Ub ligases in the ERAD pathway (Figure 2 ). This implies that mammalian cells possess a ubiquitination system that uses protein-carbohydrate interactions instead of protein-protein interactions for a specific proteasomemediated degradation of glycoproteins.
Identification of putative plant F-box proteins with a lectin-like domain
To date, the sugar-binding F-box proteins have exclusively been documented in vertebrates. In plants, no Fbs proteins have been described yet, although approx. 700 (putative) Fbox proteins have been identified in the annotated genomes of A. thaliana and rice [24] [25] [26] [27] . However, there is considerable evidence that plants express a whole battery of evolutionarilyrelated homologues of the mammalian Fbs proteins. Indications for this followed the characterization of a lectin from tobacco plants, named Nicotiana tabacum agglutinin or Nictaba [28] . Nictaba apparently represents a typical plant protein family since no homologues could be identified in species outside the Embryophyta. Detailed specificity studies revealed that Nictaba preferentially recognizes high-mannose as well as complex N-glycans, and indicated that the core GlcNAc 2 of the glycans is essential for binding [29] . In this respect, Nictaba closely resembles the SBD of the mammalian Fbs1 and Fbs2 proteins [16] [17] [18] . Screening of the annotated genomes of A. thaliana, rice (Oryza sativa), poplar (Populus trichocarpa) and a moss (Physcomitrella patens) revealed the presence of putative F-box proteins comprising a C-terminal domain equivalent to Nictaba (Figure 3 ). Searches in other plant genome databases further indicated that homologues of these F-box-lectin proteins are expressed in almost all plant species (flowering and non-flowering plants) for which a reasonable number of ESTs (expressed sequence tags) are available [numerous Liliopsida (monocots) and eudicotyledons, Magnoliopsida (Liriodendron tulipifera), Marchantiophyta (Marchantia polymorpha), Bryophyta (Tortula ruralis), Lycopodiophyta (Selaginella moellendorffii), Gnetophyta (Welwitschia mirabilis) and Coniferophyta (Picea sp. and Pinus sp.)]. It is tempting to speculate that the Nictaba domain as well as F-box proteins with such a domain evolved within an early ancestor of all modern Embryophyta.
Sequence analysis of putative plant F-box-Nictaba proteins
For most of the retrieved genes, the annotated F-boxNictaba-like sequences are supported by corresponding cDNA and/or EST sequences, which implies that the deduced amino acid sequences are correct and the genes are expressed. Sequence comparisons revealed that the F-box proteins with a Nictaba domain are well conserved between different plant species. The F-box domains identified in the F-box-lectin proteins from A. thaliana and O. sativa share 68 % sequence identity and more than 90 % sequence homology, whereas the Nictaba-like domains share approx. 40 % sequence identity and 50-75 % sequence similarity with Nictaba. Analysis of the corresponding genomic sequences revealed a marked conservation of the overall exon/intron structure between different species. Most of the genes comprise three exons. A first exon of variable length comprises the F-box domain, whereas the Nictaba domain is encoded by the second and third exons with a strictly conserved intron insertion site. It is worth mentioning that the exon/intron structure of the Nictaba gene itself is perfectly conserved in the corresponding domain of the F-box proteins. This conservation of exon/intron structure confirms that the Nictaba domain was used as a structural module in the chimaeric F-box proteins. The Nictaba domain is also part of some previously identified lectins [PP2 (phloem protein 2)] found in the phloem sap of several Cucurbitaceae species where it is inserted between an unrelated N-terminal domain and a short cysteine-rich C-terminal domain [28] . Since PP2s are potent lectins, their Nictaba domain must be functional and, hence, is not affected by the presence of the extra N-and C-terminal domains. Sequence alignments revealed that PP2 from pumpkin (Cucurbita maxima) shares only 33 and 51 % sequence identity and similarity respectively with Nictaba, indicating that this lectin domain allows a substantial sequence variation without loss of carbohydrate-binding activity. The latter conclusion is important in view of the possible sugar-binding activity of the plant F-box proteins. Taking into account the high sequence identity and similarity of the Nictaba-like domains in the Arabidopsis and rice F-box proteins, it is very likely that they exhibit a carbohydrate-binding activity and specificity similar to that of Nictaba. Therefore it seems justified to consider at least some of the plant F-box proteins as functional analogues of the mammalian Fbs1 and Fbs2 proteins.
Fbs proteins with a Nictaba domain are located in the nucleocytoplasmic compartment
Localization studies demonstrated that Nictaba resides in the nucleus and cytoplasm of tobacco cells [28, 29] . A nuclear localization signal is necessary and sufficient to target the lectin to the nucleus. According to protein-subcellular-localization prediction programs, the putative Arabidopsis and rice F-box proteins with a Nictaba domain are also located in the nucleus and cytoplasm of the plant cell. Confocal microscopy of EGFP (enhanced green fluorescent protein) fusion proteins of Arabidopsis F-box proteins with a Nictaba domain confirmed this localization pattern [30] . This, taken together with the observation that Nictaba definitely interacts in a glycaninhibitable manner with numerous -as yet unidentifiednuclear glycoproteins [29] , implies that F-box proteins with a Nictaba domain are, in principle, capable of interacting with N-glycosylated nuclear and cytosolic proteins of the plant cell. Since all evidence indicates that the Nictaba domain found in some plant F-box proteins closely resembles the carbohydrate-binding domain of the mammalian Fbs proteins in its specificity towards Man 3−8 GlcNAc 2 and its location in the nucleocytosolic compartment, we hypothesize that the mammalian and plant Fbs proteins are functional analogues in nucleocytoplasmic glycoprotein degradation. Interestingly, it has been reported that some of the putative plant Fbs proteins (such as clones At2g02360 and Os08g05480) can function in an SCF complex [31] .
Conclusions
The identification and functional characterization of Fbs proteins demonstrated that F-box proteins do not exclusively use protein-protein interactions to select their target proteins and provide direct evidence, at least in mammals, for the involvement of a carbohydrate-binding or lectin domain in the Ub/proteasome pathway. We present evidence for the occurrence of putative sugar-binding F-box proteins in plants, which are good candidate functional analogues of the mammalian Fbs proteins.
